INTRODUCTION
DSDP drilling activities in the Black Sea afforded an opportunity to continue the study of early chlorophyll diagenesis. Since the usual mass spectrometric analysis of thermally labile nonvolatile geochlorins was inadequate for our study, a new analytical mass spectrometric method based on a novel synthesis of a new class of compounds, the silylated hydroxyaluminum chlorins, was developed.
Twenty-five core samples, ranging from 0 to 1062 meters depth of burial (Pleistocene to Miocene) were analyzed. Shallow sediment samples contained chlorins with characteristics similar to those reported for the Pleistocene samples from Leg 15 Site 147 (Baker and Smith, 1973) . Chlorins gave way to free-base porphyrins with increasing depth of burial, and small amounts of nickel porphyrins were found in deeper sediments.
The importance of depth of burial as a factor in maturation is re-emphasized by these data. All shallow samples (0-400 m) contain chlorins; however, intermediate diagenetic products (free-base porphyrins) occur in Site 380 samples at 484-1016 meters depth of burial. These deeper samples, containing the intermediate diagenetic products, can stratigraphically correlated with shallower samples of Site 381 where only chlorins are found.
Small amounts of nickel porphyrin were found in Pleistocene samples at and below 484 meters of burial. The distribution of these porphyrins with respect to other pigments present and the geologic age of the enclosing sediments suggest that they are more characteristic of the Pliocene and Miocene sediments than the overlying Pleistocene sediments. Because the distribution of these particular nickel porphyrins do not fit into the expected sequence typical of early and intermediate chlorophyll diagenesis, it is suspected that they migrated from older deeper sediments.
EXPERIMENTAL
All core samples were stored frozen until time of analysis; 9:1 mixtures of acetone:methanol were used for ball-mill extraction of pigments. Crude extracts of pigments were chromatographed over Sephadex •Present address: Florida Atlantic University, Department of Chemistry, Boca Raton, Florida. with THF. Further isolation and purification of chlorins and free-base porphyrins was made by HC1 extraction after diazomethane derivitization. Nickel porphyrins were chromatographed over Grade III Alumina with cyclohexane: benzene (50:50). These methods, given sufficient amounts of pigment (0.5 µg and greater), yielded samples of sufficient purity to permit mass spectrometric analysis.
Each step of the sample work-up was monitored by UV-visible spectrophotometry, using a Beckman ACTA CIII scanning spectrophotometer. Representative spectra are reported in Table 1. A new technique for mass spectrometry of chlorins, silylation of hydroxyaluminum derivatives, was developed. In each case, the chlorin sample (9 to 37 µg) was treated with an excess of LiAlFL in anyhydrous THF (dried over LiAlH4) under reflux for two hours (Baker and Billig, 1970) . Conversion to the aluminum chelate was shown by the shift in the red band from that of the free-base (660-668 nm) to that of a typical metallochlorin with a red band at 635-640 nm. Sample work-up was completed by careful addition of redistilled water, producing the hydroxyaluminum chlorin. Chromatography over Alumina Grade III with THF as eluant was used to remove unreacted starting material and then 5% H2O in THF to elute the chlorin derivative. The silylation of the hydroxy group(s) was carried out by treatment with 0.1 ml BSA bis(trimethysilyl)-acetamide in 0.3 ml reaction vials at 80°C for 20-30 min. The solvent was evaporated under dry nitrogen and mass spectrometric analyses were made on a DuPont 491-BR mass spectrometer by the direct probe method. The temperature of the source was held at 260°C while the probe temperature was slowly raised from 180° to 260°C, the volatization range of the silylated components. Multiple scans with increasing temperature were made to record peaks appearing at different temperatures.
The derivitization method provides a convenient, dependable way of obtaining mass spectra of chlorins since silylated hydroxyaluminum chlorins can be easily volatilized at temperatures in the range of 190°-230°C. This is in marked contrast with previous experience where underivitized chlorins yielded inconsistently to mass spectrometry and at times were destroyed on the probe.
Mass spectra of free-base and nickel porphyrins were also recorded using the solid probe. Probe temperatures ranged from 195° to 220°C for free-base porphyrins and 230° to 240°C for nickel porphyrins. Source temperatures were kept at 270° to 275°C while the probe temperature was slowly increased, expelling the more volatile nonporphyrin compounds, until the desired probe temperature was reached.
The data obtained from the mass spectrometric analyses of silylated hydroxyaluminum chlorins and the free-base and nickel porphyrins were given in Tables 2 and 3 , respectively.
RESULTS
Three classes of tetrapyrrole pigments were found in the Black Sea: chlorins, free-base, and nickel porphyrins. The individual pigment yields and UVvisible spectrometric data are given in Table 1 . The concentration (log scale) of each class is plotted versus depth of burial and strata from site to site in Figure 1 . A brief summary of the results is now presented for each site.
Site 379
Six samples, ranging from 48 to 458 meters depth of burial, were examined for pigment content. Chlorins were abundant in the upper sections (Table 1, Figure 1 ), particularly in Section 379B-5-3. Chlorin concentration decreased with increasing depth and pigment was not detectable in Section 379A-50-4. A similar distribution pattern was observed for chlorins isolated from Site 147 (Leg 15) samples where a plot of log of pigment concentration versus depth was approximately linear (Baker and Smith, 1973) ; however, the range in depth of burial in that case was only 5 to 107 meters. The chlorin concentration decreases independent of percent organic carbon in both the Site 379 and Site 147 samples. Mass spectrometric analyses of chlorins obtained from this site are discussed together with those from Site 380. Data are given in Table 2 .
No free-base or metalloporphyrins (or metallochlorins) were found in these samples, indicating that chlorophyll diagenesis had not progressed into the intermediate (free-base) stages.
Site 380
Fifteen Pleistocene, Pliocene, and Miocene samples, ranging from 0 to 1062 meters depth of burial, contained pigments ranging with depth from free-base Pigment yield calculated by using the following molar extinction coefficients: pheophytin "a" = 63700 at 660 nm, free 34820 at 550 nm. Figure 1 ). In contrast with Site 379, the chlorin concentration did not decrease monotonically with depth, but was greatest near the surface (380-0-2 and 380-10-3) and peaked again at 355 meters (38OA-3-3).
Nickel porpnyrins were found in Cores 380A-17 and 380A-21 (484 to 526 m) in which chlorins were absent. This finding seemed unusual because chlorins were abundant above and below these two samples; the nickel porphyrins are diagenetically out of place. Mass spectrometric analyses of nickel porphyrins from these cores showed that the molecular weight distributions were markedly different from those previously reported for marine sediments. Earlier, nickel DPEP and etio type porphyrins were reported as the only series (Baker et al., in press a, b) . In contrast, these series were nearly absent in the Black Sea nickel porphyrins and a new series (455 + 14n) dominated the mass spectra. Molecular weight distributions of the nickel porphyrin fractions from two deeper samples (380A-38 and 380A-63) were similar to 380A-17 and 380A-21 (Table 3) .
Whereas porphyrins of the etio series were present only at the level of detection in Samples 380A-17, 380A-21, 38OA-38, and 380A-63, both nickel DPEP and etio type porphyrins became mass spectrometrically more observable in Core 380A-78.
In all samples, the molecular weights of the new and etio type nickel porphyrins were low, having 29 carbons or less. In previous Initial Reports (Baker et al., in press a, b) nickel porphyrins having 30 to 32 carbons predominated.
Sufficient pigment was available for demetallation of the Core 38OA-78 nickel porphyrin fraction. A visible spectrum which could be duplicated by a mixture of rhodo porphyrin and etioporphyrin was obtained (Baker, 1966) . Spectra of this nickel porphyrin fraction and its free base are shown in Figure 2 .
Free-base chlorins and porphyrins, with the porphyrins predominating, were found in samples below 525 meters (380A-38 to 380A-63); below this depth all pigments increased with depth of burial. These relationships are depicted in Figure 1 .
Mass spectrometric analyses of the free-base porphyrins are reported in Table 3 . Five to six members of a DPEP homologous series, with m/e 476 and 462 being the major members, characterize every mass spectrum with the exception of the fraction isolated from Core 380A-47. In this case, the m/e values (530, 516, and 502) may indicate deoxophylloerythrin, a carboxylated porphyrin.
Site 381
Five samples, from 12 to 500 meters depth of burial, were extracted and their pigment content was compared with those of Sites 379 and 380. Most interesting was the finding that sediments representative of the same geologic age at Site 381 as at Site 380 contained different pigment assemblages (Figure 1 ). High concentrations of chlorins at 208 to 336 meters (Site 381) are perhaps correlatable with the high concentrations of free-base porphyrins in Site 380 cores at 680 and 765 meters. That sediments of the same age contain pigments of different stages of diagenesis indicates the importance of depth of burial as a maturation rate determining factor.
Free-base porphyrins, whose mass spectra were similar to those of Site 380 samples, were found in Core 381-54 of Miocene age. Nickel porphyrins also present he peak heights for the Nr" 457 + 14n series has been adjusted for the Ni"^ isotope contribution from the corresponding Ni" u 455 + 14n series, the corrected values were used to compute the normalized values in the table.
Nickel porphyrins of the DPEP and etio types were just at the level of detection in all samples except for 380A-78 and 381-54; thus, only the presence of these series is noted and the peak intensities are not reported except for 380A-78 and 381-54. Correction for Ni^O isotope contributions from the DPEP series were made,.
in this core are similar to those found in Core 380A-78 (Table 3) .
Mass Spectrometric Analyses of Silylated Hydroxyaluminum Derivatives of Geochlorins
Mass spectrometric data of silylated derivatives of Black Sea geochlorins and selected model compounds are given in Table 2 . Four synthetic chlorins were selected for use as reference compounds and to serve as indicators of the following diagenetically related structural changes: (1) de-esterification (loss of phytol); (2) reduction of C-9 keto group, (3) decarbomethoxylation at C-10 position; and (4) isocyclic ring opening.
Only a partial structural interpretation of the mass spectra of the model compounds (Figure 3 ) has been made. However, observable differences between them can be pointed out. The m/e values of 858, 770(772), and 682(684) are indicative of chlorin eβ, a chlorin in which the isocyclic ring is replaced by two carboxyl groups. Due to the basicity of the reaction mixture, rupturing of the isocyclic ring of pheophytin a occurred to some extent; the m/e values assigned to chlorin ee, therefore, appear along with values characteristic of pheophytin a (m/e = 796, 712, 708, 696, and 664).
The mass spectrum of the silylated derivative of pyropheophorbide, which lacks phytol and the C-10 carbomethoxyl group, cannot be clearly distinguished from that of pheophytin a. Apparently these groups are lost from pheophytin a during the derivatization. The major peaks are: m/e = 794(796), 694 and 664.
However, when the reduction of the isocyclic ring is complete (loss of carbomethoxyl and keto groups) and the C-2 vinyl group is reduced to ethyl, as is the case in deoxomesopyropheophorbide, the mass spectrum is simplified and contains two major peaks (m/e = 712 and 580).
Comparison with the mass spectra obtained for the model compounds permits the following statements concerning the structure of the geochlorins to be made: most of the geochlorins can be accounted for as a pheophytin a or pheophorbide type pigment since m/e values 712(714), 692(694), and 664(666) are present in the spectra of the unknowns. The significance of the m/e values of 720 and 722 is not presently known. That none of the geochlorins can be assigned the structure of deoxomesopyropheophorbide is evidenced by the lack of a major m/e peak at 580. This observation is reasonable because geochlorins having a structure similar to deoxomesopyropheophorbide would be expected at a much later stage of diagenesis than that of the samples studied. The degree of reduction of this particular model compound places it very close to the chlorin-porphyrin transition. If sufficient amounts of chlorin for derivatization had been present in samples of greater depth of burial, a deoxomesopyropheophorbide type pigment may have been found. (These deeper chlorins were found in association with free-base porphyrins.) WAVE LENGTH -nm 700 450 WAVE LENGTH -nm 700 Figure 2 (a, b) . UV-visible spectra of the nickel porphyrin fraction isolated from Core 381A-78, before (a) demetallation and after (b).
These data clearly indicate that chlorins with ruptured isocyclic rings, such as chlorin eβ, are not present in the samples studied. Apparently, conditions during deposition and sediment compaction in the Black Sea were not those that permit isocyclic ring opening. Thus, the route by which chlorins such as chlorin eβ are formed was not a major one, if operative at all.
Interpretation of mass spectra of silylated hydroxyaluminum geochlorins can be more complete after additional model chlorins are studied and structures correlated with fragmentation patterns. High resolution mass spectrometry is proposed in order to provide empirical formulas of significant mass spectral fragment ions. As this method is developed, more detailed structural information will become available. However, even at this stage, the method provides new insights into chlorin diagenesis.
Discussion
Based on the data obtained on 25 samples from the Black Sea, tetrapyrrole diagenesis has progressed from the early stages (pheophytin pheophorbide) to intermediate stages (chlorin-porphyrin transition). Freebase DPEP type porphyrins were abundant in deeper cores of Site 380, increasing with depth relative to the amount of chlorin present.
The UV-visible and mass spectrometric data of chlorins extracted from core samples of 0 to 200 meters depth of burial are indicative of pheophytin-like chlorins. No trace of free-base or metalloporphyrin was found in these shallow sediments. Peake et al. (1974) reported that phyllo and etio type free-base porphyrins were mass spectrometrically observable in surface (0-68 cm) sediments of the Black Sea. However, these investigators did not report UV-visible spectra in support of these data. In contrast, in the study reported here, free-base porphyrins were found only in sediments at and below 500 meterá depth of burial. These proved to be of the DPEP series; phyllo and etio series pigments were absent. In addition, our chlorin mass spectrometric data (Table 2) do not support the speculation that homologous series, 14 mass units apart, exists in the chlorin fractions. A truncated series is initially observable only after diagenesis had progressed to the free-base porphyrin stage and then persists throughout the geoporphyrins, whether they are in the metallated or free-base form.
Site 380, drilled to a depth of 1073,5 meters, provided an opportunity to observe the transition of chlorins to free-base porphyrins. This transition is a dehydrogenation (aromatization of* the 7, 8 bond, Figure 3 ) and is probably equivalent to the minimum diagenetic stage where hydrocarbons could be produced from their precursors. The initial appearance of free-base porphyrin was at 680 meters; as depth increased, the concentration of the porphyrin increased relative to the chlorin. At 912 meters, there was 20 times more free-base porphyrin than chlorin and chlorins were not observed below this depth.
The influence of depth of burial as a diagenetic factor was clearly demonstrated by the distribution of these products at Site 380. Stratigraphic horizons are traceable from site to site, as shown in Figure 1 . Horizon D lies at 860 meters depth of burial at Site 380; at this depth, high concentrations of free-base porphyrins were found. In contrast, horizon D is shallower at Site 381 (350 m); only chlorins were found at this depth. In this case, free-base porphyrins appeared only in the Miocene core sample at 500 meters (381-54-5) . The data presented here may indicate that depth of burial (and its corollary, temperature) is a more important factor in the maturation process of organic matter than geologic age.
Nickel porphyrins were present in the deeper Pleistocene and older sediments along with free-base porphyrin and/or chlorins. Exceptions to this generality are Cores 380A-17 and 380A-21 where the nickel porphyrin was the only observable pigment.
A minor portion of the nickel porphyrins, the DPEP series, had a molecular weight distribution similar to that of the free base (Table 3 , Cores 380A-78 and 381-54). The major portion of the nickel porphyrins, though, is atypical and could not have arisen from simple insertion of nickel into the free-base porphyrin common to those strata. This conclusion is based on the previous finding of the similarities between the molecular weight distributions of nickel porphyrins and free-base porphyrins occurring together in the same sediment (Baker et al., in press a).
These are atypical nickel porphyrins as shown by the UV-visible spectrum, Figure 2 . Both the spectra of the metallated and free-base porphyrins indicate a divergence from the DPEP and etio type of spectra observed in all earlier deep-sea studies. The mass spectra (Table 3) show that these are almost totally dealkylated nickel porphyrins with as few as four or five methylene groups attached to the porphyrin nucleus. Dealkylation has proceeded to a greater degree than previously noted in extracts from either deep-sea sediments or crude oil (Baker et al., 1967) .
Because these nickel porphyrins are predominantly associated with the Pliocene and Miocene sediment samples and because of their lone occurrence in Cores 380A-17 and 38OA-21, we suspect that their present distribution may be a result of upward diffusion from the older strata. This information together with the spectral data is offered as an explanation for the suggestion that these are not typical nickel geoporphyrins.
The Black Sea sediments have been described as being characteristically lacustrine with only a few marine phases present (Leg 42B summary). However, no distinctions can be made based on chlorophyll diagenetic products as to the source of the organic matter deposited in this basin. Marine sediments from Legs 40 and 41 contained products similar to those found in the Black Sea.
The data obtained from the hydroxyaluminum chlorins represents the most detailed analysis of these early products yet to be obtained. Application of this method to chlorins of marine origin may yet show differences in diagenetic products not discernible with less sophisticated methods used in the past. However, complete interpretation of early chlorophyll diagenetic products is presently lacking.
